Abstract: α-Pinene, an organic monoterpene, is found in essential oils of pine and coniferous trees. To date, although various biological activities of α-pinene have been demonstrated, its neurotoxicity has never been explored. Therefore in this study, we aimed to describe in vitro antiproliferative and/or cytotoxic properties by 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test, genotoxic damage potentials by single cell gel electrophoresis, and oxidative effects by total antioxidant capacity (TAC) and total oxidative stress (TOS) analysis of α-pinene. Statistical analysis of MTT assay results indicated significant (p < 0.05) decreases of the cell proliferation rates in healthy neurons treated with α-pinene at only 400 mg/L, while significant decreases were observed in N2a cells at 100, 200 and 400 mg/L. On the other hand, the mean values of the total scores of cells showing DNA damage were not found significantly different from the control values on both cells. In addition, our results indicated that 10 and 25 mg/L of α-pinene treatment caused increases of TAC levels in primary rat neurons without any alterations of its level in N2a cells. However, α-pinene treatments at higher doses led to increases of TOS levels in both cell types. Overall our results suggest that α-pinene is of a limited therapeutic use as an anticancer agent.
Introduction
Brain cancers, such as glioblastoma, neuroblastoma (NB), and others are among the most devastating tumours in humans and are often rapidly fatal despite aggressive treatments (Maidment & Pilkington 2001; Clarke 2004) . NB is a pediatric cancer originated from primitive cells of the sympathetic nervous system and is the most common and deadly solid tumour in childhood (Maris & Matthay 1999; Brodeur 2003) . NB, which is an embryonic tumour, accounts for 7-10% of childhood cancers with an annual incidence of 8 per million children under the age of 15 (Heck et al. 2009; Mueller et al. 2012 ). In adults, the incidence of NB is extremely rare (Bayrak et al. 2012) . Results studies have examined a range of familial, lifestyle and environmental risk factors for NB (Heck et al. 2009 ).
Many previous studies revealed that oxidative stress played a key role in neurodegenerative disorders (Cadet & Brannock 1998; Halliwell 2006) . Mecocci et al. (1994) reported that oxidative damage to DNA may play a key role in neurodegenerative diseases. Recently, extensive efforts are being made to investigate therapeutic substances capable of reducing the genotoxicity or carcinogenicity of various natural and manmade mutagens in human life. Also, these include antibody, fatty acids, minerals, flavonoids, amino acids and polyphenolic compound (Özen & Kinalioglu 2008; Ozkan et al. 2010; Turkez & Geyikoglu 2010; Turkez & Aydin 2012; . So far, natural or synthetic antioxidants have attracted much interest with respect to their protective effect against free radical damage that may be the cause of many diseases including cancer (Shon et al. 2004) . At this point, essential oils are a diverse group of natural products that are largely composed of terpenes (Charles & Simon 1990 ). Monoterpenes are the major components of essential oils in the extracts from many plants of some vegetables, herbs, spices and fruits (Loza-Tavera 1999) .
α-Pinene (2,6,6-trimethylbicyclo[3.1.1]hept-2-ene) is an organic monoterpene compound, which is present naturally in the essential oils of coniferous and pine trees, rosemary, eucalyptus, camphor and psidium (Simonsen 1957; Nijholt & Mullen 1980; Rupar-Gadd et al. 2006; Bae et al. 2012) . α-Pinene was reported to have a broad spectrum of biological activities, i.e. antiinflammatory (Bae et al. 2012) , antibacterial (Dorman et al. 2000) antioxidant (Wang et al. 2008) , anticancer (Wang et al. 2012 ) and antinociceptive (Him et al. 2008) activities.
Our extensive literature searches have identified that the neurotoxic and/or anticarcinogenic potentials c 2013 Institute of Molecular Biology, Slovak Academy of Sciences of α-pinene has not been investigated yet. Therefore, the main goal of the present study was to determine whether α-pinene could be a source of natural antioxidants or potential anticancer agents for pharmaceutical application. For this aim we evaluated in vitro different biological activities including cytotoxic, genotoxic and oxidative effects of α-pinene on healthy rat neurons and N2a NB cells.
Material and methods

Experimental design -cell cultures
This study was conducted at the Medical Experimental Research Center in Ataturk University (Erzurum, Turkey). The Ethical Committee of Ataturk University approved the study protocol. All procedures were performed in accordance with the National Institute of Health Principles of Laboratory Animal Care (USA, 1985, volume 85, pp. 1-112.) . Primary rat neuron cultures were prepared from brains of five newborn Sprague-Dawley rats. The cerebral cortices were dissociated with HBSS (HBSS; Sigma-Aldrich , Steinheim, Germany) + trypsin-EDTA (0.25% trypsin, 0.02% EDTA; Sigma-Aldrich ), treated with DNAse type 1 (120 U/mL, Sigma, St Louis , MO, USA) and centrifuged. After having thrown away the supernatant, neurobasal medium and fetal calf serum (PAN Biotech , Germany) were added to the residue. The single cell which was obtained after physical and chemical decomposition was divided into 3.5 mL samples in each of 10 flasks coated with poly-D-lysine formerly dissolved in phosphate buffer solution. The flasks were left in the incubator including 5% CO2 at 37
• C in the ventile position. The flasks were then changed with a fresh medium of half of their volumes every 3 days until the cells were branched (Daikhin & Yudkoff 2000) .
We employed a cell line N2a NB used widely as a model for brain cancer. The rat brain NB cell line N2a was obtained from Turkey FMD Institute, Ankara, Turkey. Prior to the experiments, the cells were thawed and grown in tissue culture flasks as a monolayer in Dulbecco modified eagles medium, (Sigma-Aldrich ) supplemented with 1% glutamine, 0.5% penicillin/streptomycin (PAN Biotech ) and 10% fetal bovine serum at 37
• C in a humidified (95%) incubator with CO2 (5%). The cultured cells were trypsinised with trypsin/EDTA for a maximum of 5 min and seeded with a subcultivation ratio of 1:3-1:8.
MTT bioassay
The cells were seeded in 48-well plates. Cells were incubated at 37
• C in a humidified 5% CO2/95% air mixture and treated with α-pinene ((+)-α-pinene; C10H16, CAS No. 7785-70-8; Aldrich, Sigma-Aldrich ) at different concentrations (10, 25, 50, 100, 200 and 400 mg/L) for 24 h. The 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) substrate solution was used according to the manufacturer's instructions (Cayman Chemical Company , USA). Briefly, MTT (final amount 10 µL) was added to the cell cultures for 3 h. Formed formazan crystals were dissolved in dimethyl sulphoxide (Sigma-Aldrich ), and the plates were analyzed using Microquant reader at 570 nm wavelength.
SCGE assay
The comet assay also as known single cell gel electrophoresis (SCGE) was performed and scored with slight modifications according to , Kizilian et al. (1999) , Tice et al. (2000) , Saleha Banu et al. (2000) , Heaton et al. (2002) , Das et al. (2006) and Turkez (2011) . The OxiSelect 96-Well Comet Assay kits (Cell Biolabs , San Diego, CA, USA) were used to perform this assay. Approximately 5×10 3 neuron cells in 6-10 µL treated as above along with untreated by α-pinene were mixed with 100 µL of comet agarose and layered on the surface on slides. After the application of cover slips, the slides were allowed to gel at 4
• C for 30-60 min. The slides were immersed in freshly prepared cold lysing solution and refrigerated overnight followed by alkali treatment, electrophoresis and neutralization. The dried slides were then stained using vista green after appropriate fixing. The whole procedure was carried out in dim light to minimize artifact. DNA damage analysis was performed at a magnification of X 100 using a fluorescence microscope (Nicon Eclips E6600, Japan) after coding the slides by one observer (E. Aydın). A total of 100 cells were screened per slide. A total damage score for each slide was derived by multiplying the number of cells assigned to each grade of damage by the numeric value of the grade and summing over all grades (giving a maximum possible score of 400, corresponding to 100 cells at grade 4).
TAC and TOS analysis
The automated total antioxidant capacity (TAC) and total oxidant status (TOS) assays were carried out in the culture medium by commercially available kits (Rel Assay Diagnostics , Gaziantep, Turkey) on primary rat neurons and N2a NB cell cultures for 24 h. The major advantage of the TAC assay is that it measures the antioxidant capacity of all antioxidants in a biological sample and not just of a single compound (Kusano & Ferrari 2008) . In this test, antioxidants in the sample reduce dark blue-green coloured 2,2'-azinobis-(3-ethylbenzothiazoline)-6-sulfonate radical to its colourless form. The change in absorbance at 660 nm corresponds to the total antioxidant level in a sample. The assay is calibrated with a stable antioxidant standard solution of vitamin E analogue (Trolox-equivalent) (Erel 2004) . The TOS assay used here is based on the oxidation of the ferrous ion-chelator complex to ferric ion (Fe 3+ ), which is mediated by oxidants contained in the tested sample. The reaction is further enhanced by other molecules from the reaction medium. The reaction of Fe 3+ with chromogen in an acidic medium produces a coloured complex. Its intensity corresponds to the total amount of oxidants in the sample and can be measured spectrophotometrically. The TOS assay is calibrated with hydrogen peroxide and the results are expressed in terms of micro molar hydrogen peroxide equivalent per liter (Erel 2005) .
Statistical analysis
Statistical analysis was performed using SPSS Software (version 18.0, SPSS, Chicago, IL, USA). For statistical analysis of obtained data, Duncan's test was used. Statistical decisions were made with a significance level of 0.05.
Results
Antiproliferative activity
MTT assay, a colorimetric method for determining the number of viable cells in proliferation, was used to assess the antiproliferative activity of α-pinene. The effect of α-pinene on cultured primary rat neurons and N2a NB cells are shown in Figure 1 . The addition of α-pinene at concentrations below 400 mg/L for 24 h did not cause any change in the cell viability on primary rat neurons. However, the highest dose of α-pinene (400 mg/L) exhibited cytotoxicity on cultured rat healthy neurons. In addition, α-pinene treatments did not show antiproliferative activity on N2a NB cells at concentrations below 100 mg/L. However, the results indicated that α-pinene have antiproliferative activity suppressing the proliferation of N2a NB cells at concentrations over 50 mg/L.
Genotoxicity assay
Potential genotoxic effect of α-pinene was assayed on cultured primary rat neurons and N2a NB cell line using the comet assay. Results obtained after treatment by α-pinene are shown in Figure 2 . In vitro exposure of both cell types at different doses of α-pinene did not result in comet formation in SCGE indicating the non-genotoxic nature of α-pinene. Table 1 reflects the comparison of oxidant-antioxidant profile of α-pinene on cultured primary rat neurons and N2a NB cells. As seen from the Table 1 , 50 and 100 mg/L concentrations of α-pinene did not lead to any alterations in TAC levels, while 10 and 25 mg/L of α-pinene treatments caused significant increases of TAC levels in cultured primary rat neuron cells as compared to control value. In contrast, α-pinene caused significant decreases of TAC levels at the high concentrations (at 200 and 400 mg/L). Similarly, α-pinene (at 10, 25 and 50 mg/L) did not cause any alterations in TAC levels on rat N2a NB cell line. However, 100, 200 and 400 mg/L of α-pinene applications caused significant decreases of TAC levels when compared to controls. On the other hand, the TOS levels increased at 200 and 400 mg/L doses of α-pinene in cultured primary rat neurons. However, α-pinene did not change the TOS levels in cultured primary rat neuron cells at doses lower than 200 mg/L. Also, α-pinene caused statistically important (p < 0.05) increases in TOS levels at concentrations higher than 50 mg/L in comparison with control values on rat N2a NB cell line.
Antioxidant activity
Discussion
α-Pinene has high potential for human exposure since it was applied in various industries, such as pulp and paper industry, forest production, pharmaceutical industry, food industry, colour printing and paint process (Linares et al. 2009; Montes et al. 2010; Rene et al. 2010; Wu et al. 2012 ). In the current study, we evaluated the antiproliferative effects of α-pinene on both cultured primary rat neurons and N2a NB cells via the MTT assay for the first time. We found that α-pinene only at 400 mg/L significantly reduced the cell viability on cultured primary rat neurons, while α-pinene at concen- Table 1 . TAC and TOS levels on cultured primary rat neurons and N2a NB cells exposed to α-pinene (mg/L) for 24 h. a
Primary rat neurons
N2a NB cells α-Pinene TAC TOS TAC TOS Control 34.5 ± 5.0 2.1 ± 0.3 5.9 ± 0.6 2.8 ± 0.4 10 40.1 ± 5.2* 2.3 ± 0.2 6.0 ± 0.6 3.0 ± 0.3 25 41.5 ± 4.7* 2.1 ± 0.2 6.5 ± 0.6 2.7 ± 0.3 50 35.0 ± 4.8 2.2 ± 0.1 5.8 ± 0.5 3.1 ± 0.4 100 34.1 ± 5.0 2.0 ± 0.3 5.0 ± 0.4* 3.8 ± 0.5* 200 26.6 ± 4.9* 2.7 ± 0.3* 4.3 ± 0.4* 4.0 ± 0.5* 400 25.5 ± 5.1* 2.9 ± 0.2* 3.9 ± 0.5* 4.4 ± 0.6* a TAC in mmol of trolox equivalent per litre, TOS in mmol of H 2 O 2 equivalent per litre.
trations above than 50 mg/L significantly reduced the cell viability on N2a NB cells. Our results are in agreement with previous study (Wang et al. 2012) , which has reported that α-pinene and β-pinene isolated from Rosmarinus officinalis demonstrated strong cytotoxicity towards human ovarian cancer cell lines (SK-OV-3 and HO-8910) and human hepatocellular liver carcinoma cell line (Bel-7402) in the MTT in vitro assay. Also, Matsuo et al. (2011) revealed that α-pinene was able to induce apoptosis evidenced by early disruption of the mitochondrial potential, production of reactive oxygen species, and increase in caspase-3 activity in B16F10 murine melanoma cell. An additional recent study indicated that terpinolene reduced the protein expression of AKT1 in K562 human leukemic cells and inhibited cell proliferation (Okumura et al. 2012) . The exact mechanisms of the cytotoxic action of α-pinene are not known, but oxidative stress is thought to be the main responsible mechanism in its cellular toxicity. In addition to oxidative stress, previous studies reported that different mechanisms have been linked to plant products cytotoxicity, including: (i) proteasome inhibition; (ii) topoisomerase inhibition; (iii) inhibition of fatty acid synthesis; (iv) accumulation of p53; (v) induction of cell cycle arrest; (vi) inhibition of phosphatidyl-inositol 3-kinase; or (vii) enhanced expression of c-fos and c-myc (Constantinou et al. 1995; Lepley et al. 1996; Plaumann et al. 1996; Agullo et al. 1997; Chen et al. 1998; Kazi et al. 2004; Brusselmans et al. 2005; Chen et al. 2005) .
Our findings also indicate that α-pinene is neither genotoxic nor mutagenic on healthy neurons and N2a NB cells using the comet assay since the observed mean values of the total scores of cells showing DNA damage (for SCGE assay) was not found significantly different from the control values on both cells. In parallel to this finding, Gomes-Carneiro et al. (2005) found that (+) and (-)α-pinene are not mutagenic in the Salmonella/microsome assay (TA100, TA98, TA97a and TA1535 tester strains). In another study, it was determined that limonene, which is a monoterpene, did not exhibit genotoxic and mutagenic behaviour in male Big Blue rats (Turner et al. 2001) . Similarly, it was suggested that via the comet assay α-pinene did not affect the level of DNA damage in human lung adenocarcinoma/type II alveolar epithelial cells (A549) (Gminski et al. 2010) . In contrast to our findings, a previous study by Saverini et al. (2012) demonstrated that (±)α-pinene and (+)β-pinene can cause damage to DNA in V79 Chinese hamster cells.
The study of some antioxidants use in cancer treatment is a rapidly improving area. Antioxidants have been extensively studied for their ability to prevent or treat cancer in humans (Singh & Lippman 1998) . Also, regular intake of natural antioxidants is associated with reduced risks of cancer (Cai et al. 2004) . To appraise the antioxidative activity of α-pinene, TAC and TOS assays were performed in this study. α-Pinene applications at its low concentrations (10 and 25 mg/L) caused increases of TAC levels in cultured primary rat neurons. In similar to our findings, Bourgou et al. (2012) reported that terpinolene, which is a monoterpene, showed antioxidant activity by using the 2',7'-dichlorofluorescein diacetate assay in normal human skin fibroblast (WS1) cells. Recent studies also demonstrated that both α-pinene and β-pinene have antioxidant properties by 2,2-diphenyl-1-picrylhydrazyl, hydroxyl (OH) radical, superoxide anion (O2 − ), malonaldehyde/gas chromatography, aldehyde/carboxylic acid, and β-carotene bleaching methods (Wei et al. 2007; Wang at al. 2008; Singh et al. 2009; Ho & Su 2012) .
On the contrary, α-pinene (at concentrations of 200 and 400 mg/L) caused significant decreases in TAC levels and increases in TOS levels on healthy neurons. And high concentrations of α-pinene (higher than 50 mg/L) caused significant decreases in TAC levels and increases in TOS levels on cancer cells in vitro. Our findings support the results of the study by Lima et al. (2004) , who revealed that increasing concentrations of monoterpenoid compounds could lead to neurotoxicity by reducing of total glutathione levels and leaking lactate dehydrogenase on primary rat hepatocytes.
In conclusion, our results showed difference between rat N2a NB cells and cultured primary rat neuron cells. This paper also demonstrates that the α-pinene possesses weak antioxidant and cytotoxic activity in cultured primary rat neurons. In addition, α-pinene has a weak antioxidant properties and little anticancer potentials on rat N2a NB cell line. The efficacy of anticancer chemotherapy is, however, limited by the cytotoxic effect on healthy cells due to a lack of selectivity of α-pinene and poor uptake of the therapeutics by N2a NB cells.
